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We study exciton-polariton nonlinear optical fluids in a high momentum regime for the first
time. Defects in the fluid develop into dark solitons whose healing length decreases with increasing
density. We deduce interaction constants for continuous wave polaritons an order of magnitude larger
than with picosecond pulses. Time dependent measurements show a 100ps time for the buildup of
the interaction strength suggesting a self-generated excitonic reservoir as the source of the extra
nonlinearity. The experimental results agree well with a model of coupled photons, excitons and the
reservoir.
Exciton-polaritons are half-light half-matter quasi-
particles resulting from strong coupling between photons
and quantum-well (QW) excitons [1]. They behave like
photons but experience nonlinearity at least 1000 times
larger than in bulk semiconductors due to exciton-exciton
scattering [2]. In a waveguide geometry [3] the propaga-
tion of light is dominated by the high momentum β in
the propagation direction z. The envelope of the opti-
cal field evolves slowly compared to the wavelength 2pi/β
which leads to its evolution equation becoming formally
analagous to the Nonlinear Schrodinger (NSE) or Gross
Pitaevskii (GPE) equations, but with z playing the role of
time [4]. This high-momentum paraxial regime has been
exploited for photonic simulation of complex Hamiltoni-
ans [5–9]. Among the most fundamental solutions of the
GPE are dark solitons [10–19]. These are self-localised
dark notches on an infinitely extended bright background
accompanied by a phase jump at the center. In the field
of nonlinear optics they offer potential applications in all-
optical signal processing [20]. The giant polariton nonlin-
earity allows dark soliton formation at the sub-millimeter
length scales needed for on-chip integration [18], a regime
previously inaccessible due to weak photon-only nonlin-
earities. There is, however, still a great deal of experi-
mental uncertainty over the precise nature and strength
of the polariton nonlinearity with estimates of the inter-
action strength varying over two order of magnitude [21–
26]. A proper understanding of these interactions is im-
portant as they underpin efforts towards realisation of
polariton fermionisation [27–29] and strongly quantum-
correlated states in polaritonic lattices [30–32].
In this work we experimentally study spatial dark po-
lariton soliton formation in the high momentum regime
for the first time. Solitons are formed within 600µm at
CW powers less than 30mW. We resonantly inject two
different classes of initial condition into the waveguides
and use the variation of the core size with polariton den-
sity to investigate the polariton nonlinearity in the CW
regime. We deduce an interaction constant more than
an order of magnitude larger than previously observed in
the picosecond pulsed regime [2]. Using time dependent
measurements of Gaussian beam self-defocussing we ob-
serve that the nonlinearity accumulates on a timescale of
order 100ps, much longer than the picosecond response of
direct polariton-polariton scattering and consistent with
the slow build-up of an excitonic reservoir. Since the po-
laritons are spatially separated from the pump the reser-
voir must be generated by the polaritons themselves. Us-
ing a numerical model of coherently coupled waveguide
photons and excitons and an incoherent reservoir gen-
erated by scattering of the excitons we are able to self-
consistently fit all experimental features using a single
value of the interaction strength. Compared to previ-
ous studies conducted using Bragg microcavities [18, 19],
waveguide propagation always provides a good approxi-
mation of the time evolution of the GPE, which enables
us to seed dark solitons from different initial conditions.
Furthermore, the high momentum allows us to study the
density dependent soliton width without the system un-
dergoing the superfluid transition [18] and ensures the
polariton field is spatially separated from the pump so
that we observe only the polariton self-interaction. Fi-
nally, the waveguide geometry allows an accurate deter-
mination of the number of polaritons injected into the
system [33] which allows us to deduce the effective in-
teraction constants. The shrinking of the core size with
background density provides an important proof of po-
lariton dark soliton formation, which was previously the
subject of some controversy [34–36].
The sample used in this work is similar to that in
Ref. 2. A schematic of the experiment is shown in Fig-
ure 1(a). The polariton dispersion relation is shown in
Fig. 1(b) where the avoided crossing of the uncoupled
photon and exciton modes, resulting in a Rabi splitting
of 9meV, may be seen. Experiments were performed at
10 Kelvin. A CW laser beam was modified using am-
plitude or phase masks and then projected onto an in-
put grating coupler (see Fig. 1(a)) [2, 37]. The input
2FIG. 1. (a) Schematic of Polariton Waveguide, (b) Lower
polariton dispersion relation seen in angle resolved photolu-
minescence spectrum.
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FIG. 2. Dark soliton formation from phase jump initial con-
dition. (a) Experimental (points) and theoretical (full lines)
intensity profiles of input field and output fields at three pow-
ers. (b) Experimental output phase at low and high power.
(c,d) Experimental (points) and theoretical (full lines) power
dependences of full width at one third maximum of back-
ground and FWHM of dark notches.
transverse profile was a 29µm FWHM Gaussian with ei-
ther a phase jump or intensity dip near the center, cor-
responding to the two classes of initial conditons which
we investigate [38]. The polariton fluid undergoes non-
linear evolution in a 600µm unpatterned region of pla-
nar waveguide and the light was collected by a second
grating coupler and imaged onto a CCD camera. We
first consider the case of the phase jump initial condi-
tion. Figure 2(a) shows the intensity profile of the inci-
dent beam and the beam after propagation through the
waveguide in the linear and nonlinear regimes. The in-
put profile is Gaussian with a narrow dark notch near
the center. At low excitation powers the nonlinearity is
negligible and the diffraction of the discontinuous phase
in the input field results in a broad dip in the center of
the Gaussian background. The background itself is wide
enough that it does not experience significant diffraction
over the 600µm propagation length. Above ∼2mW inci-
dent power the background broadens under the influence
of nonlinear self-defocussing [4] while the notch width
decreases, eventually forming a single narrow notch in
a broad bright background, which is the expected profile
for a single dark soliton [10]. Figure 2(b) shows a typical
phase profile of the output field measured in a separate
experiment for low and high power. For both powers a
phase jump near x = 0 is superimposed on a slowly vary-
ing background phase arising from the Gaussian back-
ground. The shaded region indicates the FWHM of the
intensity notch at high power. The phase jump at high
power is close to the value of pi injected at the input [38]
as expected in the case of a single dark soliton [10]. Fig-
ures (c) and (d) show the pump power dependences of the
widths of the background and of the dark notch. Cru-
cially, the width of the notch narrows significantly as the
density increases, again as expected for a dark soliton.
The qualitative reason for this narrowing is the same
as for quantised vortex cores in a microcavity polariton
condensate [39]. The kinetic energy associated with the
localized defect is balanced by the nonlinear potential
energy, proportional to the density n of the background.
Thus the defect healing length ξ decreases with increas-
ing density according to Eqn. (1).
ξ2 = vg,LP/
(
2β cos 2φ · ng
)
(1)
Here vg,LP=24µmps
−1 and β=23.7µm−1 are the po-
lariton group velocity and wavenumber, φ is the soliton
phase angle and h¯g is the polariton-polariton interaction
energy per unit polariton density. Note that h¯β/vg,LP
plays the role of mass and that the core FWHM≈2.493ξ
[40]. Eqn. (1) follows from the analytical dark soliton
solution of the GPE [10, 11, 40]. In the case of the am-
plitude defect initial condition the field profiles are shown
in figure 3(a). The intensity notch is clearly seen in the
input field. At high density a pair of well defined dark
notches is present on the broad bright background of the
output field. Figure 3(b) shows the difference in output
phases between low and high power cases. An important
evidence of dark soliton formation is that there is a mod-
ification of the phase profile at high densities such that
two phase jumps of opposite sign occur at the positions
of the dark notches (shaded grey) which are not present
at low power. This shows that the nonlinear interac-
tion has generated the correct phase profile for a pair of
dark solitons seeded by an intensity defect in the initial
condition [10]. Furthermore, as shown in Fig. 3(d), the
notch widths again decrease with increasing density as
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FIG. 3. As Fig. 2 for amplitude defect initial condition.
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FIG. 4. (a) Output vs. Incident power for the two initial
conditions. (b) Nonlinearity deduced from healing length.
expected for a solitonic solution. We now consider the
origin and size of the nonlinear interaction responsible
for generating the solitons. Figure 4(a) shows the mea-
sured output power from the waveguide vs. the incident
power, which is linear up to 10mW where the narrowing
of the dark notches and broadening of the background
is already pronounced. From the gradient and known
losses [2] we determine that 20±2% of the incident light
couples into the guided mode [33]. A first estimate of
the effective size of the polariton-polariton interaction
constant g may be made from Eqn. (1) using the peak
polariton density n. We use cosφ =1 for the phase de-
fect and 0.9 for the amplitude defects, deduced from the
valley-to-peak ratio of the dark notches [40]. Values of g
for several powers are shown in Fig. 4(b) and are in the
range 25-37µeVµm2 for powers where the output vs. in-
put power is linear. The amplitude and phase defects give
very similar values. We note that for a dark soliton with
core FWHM 7µm the balanced nonlinear and diffraction
lengths are equal to 2βξ2=370µm, which is less than the
device length L=600µm. We can therefore be sure that
solitons narrower than this are able to form in our de-
−50 −25 0 25 50
x (µm)
0.0
0.2
0.4
0.6
0.8
Ti
m
e
(ns
) (a)
−50 −25 0 25 50
x (µm)
0.0
0.2
0.4
0.6
0.8
Ti
m
e
(ns
) (b)
−50 −25 0 25 50
x (µm)
0.0
0.1
0.2
0.3
Ti
m
e
(ns
) (c)
−50 −25 0 25 50
x (µm)
0.0
0.1
0.2
0.3
Ti
m
e
(ns
) (d)
0 3 6 9 12 15
Inc. Peak Power (W)
20
40
60
80
W
id
th
(µ
m
) (e)
440ps Pulse
120ps Pulse
0.02 0.06 0.10 0.14
Inc. Aver. Power (W)
0.0
0.2
0.4
0.6
0.8
1.0
O
u
tp
u
tP
ow
e
r
(A
rb
.
Un
its
)
(f)
440ps Pulse
120ps Pulse
FIG. 5. Spatial defocussing of long pulses. Space-time plots
of output intensity for incident pulses with temporal FWHM
and peak powers (a) 440ps, 0.14W (b) 440ps, 3.7W (c) 120ps,
0.16W (d) 120ps, 14W. (e) Width of time-integrated spatial
distribution vs. incident peak power. (f) Integrated output
intensity vs. input power.
vice [40]. The values of g we obtain are more than two
orders of magnitude larger than g=0.3µeVµm2, which
we previously deduced for dark and bright solitons using
very similar structures but with picosecond pulses [2].
Scaling to account for the different detuning δ=-7.6meV
in those measurements gives g=1.5µeVµm2, still over an
order of magnitude less than we see here. This may occur
if some of the polaritons are transferred into an excitonic
reservoir with a lifetime long compared to the picosec-
ond pulses. In the steady state the reservoir population
will be larger than that of strongly-coupled excitons by
the ratio of its lifetime to excitation time, providing an
excess exciton population which makes the polariton in-
teraction appear stronger than it really is. The timescale
of picosecond pulses is short compared to the reservoir
excitation rate so no significant extra population builds
up and only the strongly coupled exciton population con-
tributes to the nonlinearity. The reservoir may be gen-
erated by scattering from disorder into excitonic states
in the tail of the inhomeogeneously broadened exciton
line [41], for which the density of states is much larger
than for polaritons. Alternatively, the reservoir can be
composed of localised, indirect or otherwise dark exci-
tons [42–46].
To further investigate this effect we injected pulses of
length 120ps and 440ps with a gaussian spatial profile
into the waveguide and observed the spatial defocussing
as a function of time using a streak camera. The pulses
were detuned h¯δ =-7.2meV from the exciton and the spa-
tial FWHM was 15µm. Fig. 5 shows the output intensity
as a function of x and time t. In the low power case (a,c)
4the output pulse is unchanged and is gaussian in both
x and t. At high power (b,d) the spatial distributions
broaden as previously observed in the CW case. It can
be seen that the outer portions of the spatial distribu-
tion arrive delayed with respect to the center. Taking
sections at ±25µm the delay is 30ps in the case of 120ps
long pulses and 240ps in the case of 440ps pulses. These
delays are too large to be explained in terms of a change
in velocity as the travel times for polaritons at this detun-
ing and for pure photons are 14ps and 10ps respectively.
In Fig. 5(e) it can be seen that the spatial width of the
distribution increases twice as fast with peak pulse power
in the case in of 440ps pulses compared to 120ps pulses.
The coupling efficiency, absorption, etc. are the same for
both pulse lengths as seen from the almost identical in-
put vs. output power curves in Fig. 5(f). This implies
that the longer pulses experience twice the nonlinearity.
Taken together, these two effects can be explained if po-
laritons in the first part of the pulse generate a reservoir
which increases the nonlinear interaction for the latter
part of the pulse resulting in increased spatial defocussing
at later times.
We now consider a numerical model which provides a
self-consistent fit to all features of the experimental data.
Polaritons propagating in the waveguide are described
by Eqns. (2) for the slowly varying coupled photon and
exciton envelope amplitudes A and ψ and the reservoir
density nR.(
i
∂
∂t
+ iγp + vg
(
i
∂
∂z
+
1
2βe
∂2
∂x2
))
A =
(
Ω
2
)
ψ (2a)
(
i
∂
∂t
+ i (γe + γr)− gX
(
|ψ|2 + nR
))
ψ =
(
Ω
2
)
A
(2b)
∂nR
∂t
= 2γr |ψ|
2
− 2γRnR (2c)
Here, vg=58µmps
−1 and βe=23.6µm
−1 are the pho-
ton group velocity and wavenumber at the exciton fre-
quency extracted from the fit to the dispersion relation
in Fig. 1(b). The loss rates γp and γr are due to pho-
ton tunnelling through the cladding and loss of exci-
tons due to scattering to the reservoir while γe quan-
tifies all other exciton loss channels. The reservoir de-
cay rate is γR. The total homogeneous exciton linewidth
h¯ (γe + γr)=13.2µeV and h¯γp=32.9µeV were obtained
from an independent fit to the spectral dependence of
the loss length [47]. The Rabi splitting h¯Ω=9meV and
the (polarisation averaged) exciton interaction energy per
unit exciton density in one QW is given by h¯gX.
In the steady state, where ∂nR/∂t=0, Eqn. (2c) can
be rearranged to give nR = (γr/γR) |ψ|
2. Substituting
this into Eqn. (2b), the nonlinearity gX(|ψ|
2
+ nR) be-
comes geff |ψ|
2
where geff = gX (1 + γr/γR) is an effec-
tive exciton-exciton scattering which accounts for the fact
that for every strongly coupled exciton the reservoir con-
tains another γr/γR incoherent excitons. For CW driving
we use the ansatz A = A (x, z) exp (−iδt), and likewise
for ψ, and eliminate ψ using Eqn. (2b) to leave a gen-
eralised GPE for ∂A (x, z) /∂z in terms of A [48]. This
was solved using a standard split-step Fourier method [4].
The input conditions are well determined as evidenced
by the good agreement between experiment and theory
at low power (Figs. 2, 3(a) and [38]).
The model output is plotted as solid lines in fig-
ures 2,3(a,c,d). Good semi-quantitative agreement is
achieved with all intensity profiles (panels (a)) and
with the dark notch and background widths (panels
(c,d)) at all powers. The only adjustable parameter
h¯geff=220µeVµm
2 fits all the above data at once so
the model provides a self-consistent explanation of all
features. The effective polariton-polariton interaction g
corresponding to the above exciton-exciton interaction is
obtained using g=geff |X |
4
/Nw where |X |
2
=0.58 is the
exciton fraction and Nw=3 is the number of QWs [21].
This gives h¯g=25µeVµm2, in good agreement with the
value deduced from the soliton healing length. Thus the
numerical model is also consistent with the picture of
dark solitons with healing length given by Eqn. (1). If we
take h¯gX=13.5µeVµm
2 from our work with picosecond
pulses [2] then to obtain the observed geff a ratio of 15
between the reservoir lifetime and excitation rates is re-
quired. Since the total exciton loss rate γe+γr =13.2µeV
corresponds to 25ps the reservoir lifetime is longer than
375ps. Considering the time resolved data, the reser-
voir excitation time of order 25ps is short compared to
the pulse lengths so the reservoir effect can also explain
the enhanced nonlinearity felt by the trailing edge of the
pulses. Comparing our value with others in the litera-
ture, Rodriguez et. al. deduced geff=30µeVµm
2, which
lies between our picosecond and CW reults, in a similar
system to ours. Ferrier et. al. [26] quote g=2-9µeVµm2
for polaritons spatially separated from the pump from
which we infer geff ∼50-225µeVµm
2. In a similar ex-
periment Brichkin et. al. [21] find geff=2.4µeVµm
2, of
the same order as theoretical estimates. The differences
between similar systems suggests a strong dependence
of the CW nonlinearity on sample properties. Our pic-
ture of a reservoir generated by the polaritons themselves
may explain this behaviour since variations in QW disor-
der between different semiconductor wafers can strongly
influence scattering into the reservoir.
In conclusion, we have shown dark soliton formation
from both amplitude and phase defects in a polariton
fluid and observed the density dependence of the soli-
ton healing length for the first time. We have measured
a polariton-polariton interaction strength more than an
order of magnitude larger than polariton interactions on
a picosecond timescale and shown that the extra non-
linearity develops over a timescale of order 100ps. We
attribute it to the slow build-up of a reservoir excited
by the polaritons, which contributes to the blueshift of
5the coherent exciton field. Our numerical model explains
all experimental features for both initial conditions us-
ing a single value of the excitonic interaction strength.
We thus achieve a self-consistent picture of dark soliton
formation and CW polariton interactions.
We acknowledge support from EPSRC Programme
Grant EP/J007544/1, ERC Advanced Grant 320570 and
Leverhulme Trust Grant PRG-2013-339. PMW acknowl-
edges helpful discussions with D. M. Whittaker.
∗ p.m.walker@sheffield.ac.uk
[1] Exciton Polaritons in Microcavities, Eds., Timofeev, V.
and Sanvitto, D. (Springer, 2014).
[2] P. M. Walker, L. Tinkler, D. V. Skryabin, A. Yulin, B.
Royall, I. Farrer, D. A. Ritchie, M. S. Skolnick and D. N.
Krizhanovskii Nature Commun. 6, 8317 (2015)
[3] P. M. Walker, L. Tinkler, M. Durska, D. M. Whittaker,
I. J. Luxmoore, B. Royall, D. N. Krizhanovskii, M. S.
Skolnick, I. Farrer and D. A. Ritchie Appl. Phys. Lett.
102, 012109 (2012)
[4] G. P. Agrawal, Nonlinear Fibre Optics (Academic Press,
2001)
[5] M. C. Rechtsman, J. M. Zeuner, Y. Plotnik, Y. Lumer,
D. Podolsky, F. Dreisow, S. Nolte, M. Segev, A. Szameit
Nature 496, 196-200 (2013)
[6] M. C. Rechtsman, J. M. Zeuner, A. Tu¨nnermann, S.
Nolte, M. Segev, A. Szameit Nature Photon. 7, 153-158
(2013)
[7] S. V. Suchkov, A. A. Sukhorukov, J. Huang, S. V.
Dmitriev, C. Lee and Y. S. Kivshar. Laser Photonics Rev.
10, 177-213 (2016)
[8] S. Longhi, Laser Photon Rev., 3, 243-261 (2009)
[9] P. E. Larre´ and I. Carusotto, Phys. Rev. A 92, 043802
(2015)
[10] Y. S. Kivshar and G. P. Agrawal, Optical Solitons (Aca-
demic Press, 2003)
[11] Y. S. Kivshar and B. Luther-Davies Phys. Rep. 298, 81-
197 (1998)
[12] G. R. Allan, S. R. Skinner, D. R. Andersen and A. L.
Smirl, Opt. Lett. 16, 156 (1991)
[13] G. A. Swartzlander, Jr., D. R. Andersen, J. J. Regan, H.
Yin and A. E. Kaplan. Phys. Rev. Lett. 66, 1583 (1991)
[14] V. Shandarov, D. Kip, M. Wesner and J. Hukriede, J.
Opt. A: Pure Appl. Opt. 2, 500-503 (2000)
[15] Y. S. Kivshar and X. Yang, Optics Comms. 107, 93
(1994)
[16] N. P. Proukakis, N. G. Parker, D. J. Frantzeskakis, and
C. S. Adams, J. Opt. B: Quantum Semiclass. Opt. 6,
S380-S391 (2004)
[17] D J Frantzeskakis, J. Phys. A: Math. Theor. 43, 213001
(2010)
[18] A. Amo, S. Pigeon, D. Sanvitto, V. G. Sala, R. Hivet,
I. Carusotto, F. Pisanello, G. Leme´nager, R. Houdre´, E.
Giacobino, C. Ciuti and A. Bramati, Science 332, 1167-
1170 (2011)
[19] G. Grosso, G. Nardin, F. Morier-Genoud, Y. Le´ger and
B. Deveaud-Ple´dran Phys. Rev. Lett. 107, 245301 (2011)
[20] S. Blair and K. Wagner, Appl. Opt. 38, 6749-6772 (1999)
[21] A. S. Brichkin, S. I. Novikov, A. V. Larionov, V. D. Ku-
lakovskii, M. M. Glazov, C. Schneider, S. Ho¨fling, M.
Kamp and A. Forchel, Phys. Rev. B 84, 195301 (2011)
[22] S. R. K. Rodriguez, A. Amo, I. Sagnes, L. Le Gratiet,
E. Galopin, A. Lemaˆıtre, J. Bloch, Nature Commun. 7,
11887 (2016)
[23] M. M. Glazov, H. Ouerdane, L. Pilozzi, G. Malpuech, A.
V. Kavokin and A. D’Andrea, Phys. Rev. B 80, 155306
(2009)
[24] M. Vladimirova, S. Cronenberger, D. Scalbert, K. V. Ka-
vokin, A. Miard, A. Lemaˆıtre, J. Bloch, D. Solnyshkov,
G. Malpuech and A. V. Kavokin, Phys. Rev. B 82,
075301 (2010)
[25] A. V. Sekretenko, S. S. Gavrilov, V. D. Kulakovskii,
Phys. Rev. B 88, 195302 (2013)
[26] L. Ferrier, E. Wertz, R. Johne, D. D. Solnyshkov, P.
Senellart, I. Sagnes, A. Lemaˆıtre, G. Malpuech and J.
Bloch, Phys. Rev. Lett. 106, 126401 (2011)
[27] I. Carusotto and C. Ciuti, Rev. Mod. Phys. 85, 299
(2013)
[28] A. Verger, C. Ciuti and I. Carusotto, Phys. Rev. B 73,
193306 (2006)
[29] I. Carusotto, D. Gerace, H. E. Tureci, S. De Liberato,
C. Ciuti and A. Imamogˇlu. Phys. Rev. Lett. 103, 033601
(2009)
[30] R. O. Umucalılar and I. Carusotto, Phys. Rev. Lett. 108,
206809 (2012)
[31] M. Hafezi, M. D. Lukin and J. M. Taylor, New Journal
of Physics 15, 063001 (2013)
[32] X. Chen, Z-C. Gu, Z-X. Liu and X-G. Wen, Science 338,
1604 (2012)
[33] See supplemental section S2 for details of how we deter-
mined the coupling efficiency.
[34] P. Cilibrizzi, H. Ohadi, T. Ostatnicky, A. Askitopoulos,
W. Langbein, and P. Lagoudakis Phys. Rev. Lett. 113,
103901 (2014)
[35] A. Amo, J. Bloch, A. Bramati, I. Carusotto, C. Ciuti, B.
Deveaud, E. Giacobino, G. Grosso, A. Kamchatnov, G.
Malpuech, N. Pavloff, S. Pigeon, D. Sanvitto and D. D.
Solnyshkov Phys. Rev. Lett. 115, 089401 (2015)
[36] P. Cilibrizzi, H. Ohadi, T. Ostatnicky, A. Askitopoulos,
W. Langbein and P. Lagoudakis Phys. Rev. Lett. 115,
089402 (2015)
[37] See supplemental section S1 for more details about the
experimental arrangement.
[38] See supplemental section S5 for mathematical expres-
sions for the initial conditions and additional comparison
with experiment.
[39] K. Guda, M. Sich, D. Sarkar, P. M. Walker, M. Durska,
R. A. Bradley, D. M. Whittaker, M. S. Skolnick, E. A.
Cerda-Me´ndez, P. V. Santos, K. Biermann, R. Hey, D.
N. Krizhanovskii. Phys. Rev. B 87, 081309(R) (2013)
[40] See supplemental section S4 for more detailed discussion
of soliton properties and a derivation of the relationship
between polariton nonlinearity, density and soltion heal-
ing length.
[41] D. M. Whittaker, Phys. Rev. Lett. 80, 4791 (1998)
[42] D. N. Krizhanovskii, G. Dasbach, A. A. Dremin, V. D.
Kulakovskii, N. A. Gippius, M. Bayer, A. Forschel Solid
State Comms. 119, 453-459 (2001)
[43] J. -M. Me´nard, C. Poellmann, M. Porer, U. Leierseder,
E. Galopin, A. Lemaˆıtre, A. Amo, J. Bloch and R. Huber
Nature Commun. 5, 4648 (2016)
[44] D. Sarkar, S. S. Gavrilov, M. Sich, J. H. Quilter, R. A.
Bradley, N. A. Gippius, K. Guda, V. D. Kulakovskii, M.
6S. Skolnick and D. N. Krizhanovskii. Phys. Rev. Lett.
105, 216402 (2010)
[45] D. W. Snoke, W. W. Ru¨hle, K. Ko¨hler, K. Ploog Phys.
Rev. B 55, 13789 (1997)
[46] J. O. Tollerud, S. T. Cundiff, J. A. Davis Phys. Rev. Lett.
117, 097401 (2016)
[47] See Supplemental Fig. S1(d) for a comparison of experi-
mental and modelled losses.
[48] See supplementl section S3 for details of the derivation
of the generalized GPE.
[49] R. Ulrich, J. Opt. Soc. Am. 63, 1419 (1973)
[50] R. Houdre´, J. L. Gibernon, P. Pellandini, R. P. Stanley,
U. Oesterle, C. Weisbuch, J. O’Gorman, B. Roycroft and
M. Ilegems, Phys. Rev. B. 52, 7810 (1995)
